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I.  OBJECTIVE 

The  work  described  in  this  report  Is  aimed  at  demonstrating  the 
feasibility  of  the  Nuclear  Thermionic  Radiator  Space  Power  System.  It 
Is  a  continuation  of  work  Initiated  on  Contract  AF  33(616) -8119.  The 
specific  objectives  of  the  current  program  are: 

1)  To  demonstrate  operation  of  a  minimum  of  three  thermionic 
converters  In  a  series  array  using  heat  from  a  llquld-metal  loop  to  heat 
the  cathodes;  and 

2)  To  demonstrate  1000  hours  of  thermionic  operation  using 
llquld-metal  heating. 
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II.  INTRODUCTION 

The  thermionic  radiator  is  a  system  which  will  utilize  a  nuclear 
heat  source  to  produce  electrical  power  in  space.  A  combined  thermionic 
converter-radiator  unit  is  coupled  with  a  high  temperature,  liquid  metal 
cooled,  fast  reactor  heat  source;  coolant  is  circulated  directly  through 
the  radiator  and  back  to  the  reactor  in  a  single  loop.  A  cylindrical 
thermionic  converter  filled  with  cesium  vapor  encircles  the  tube  walls 
of  the  radiator.  The  emitter  (on  the  radiator  tubes)  is  heated  by 
conduction  through  the  tube  wall.  Collectors  are  concentric  to  the 
cahtode  and  dissipate  waste  heat  directly  to  space  through  attached  fins. 

A  brief  description  of  the  considerations  instrumental  in  selection 
of  the  type  of  thermionic  converter  and  liquid  metal  loop  to  be  used  was 
given  in  the  report  for  the  previous  quarter  (AN-778) .  The  converters 
are  of  a  type  being  developed  by  RCA  under  Contract  AF  33(657) -8005.  The 
converters  are  cylindrical  and  will  be  mounted  on  a  columbium  alloy  tube, 
using  an  electrically  insulating  thermal  bond.  The  liquid-metal  loop,  on 
which  these  converters  will  be  mounted,  will  be  fabricated  from  the  same 
columbium  alloy.  Lithium  will  be  circulated  in  the  loop  by  natural  con¬ 
vection.  The  entire  system  will  be  placed  in  a  vacuum  chamber  to  protect 
the  refractory  metals  from  oxidation. 

In  addition  to  the  above  experimental  work,  a  thermal  transport 
analysis  is  being  conducted  to  aid  in  selection  of  loop  test  parameters 
and  to  study  over-all  system  characteristics. 

Status  at  the  present  time  is  as  follows: 

1)  The  thermal  bond  investigation  being  conducted  at  AGN  is 
complete. 

2)  The  thermal  transport  analysis  is  in  progress;  some  results 
are  presented  in  this  report. 

3)  Design  of  the  test  loop  is  essentially  complete.  Fabrication 
will  be  completed  during  the  next  quarter. 
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III.  TECHNICAL  PROGRESS 

Technical  work  on  this  program  has  been  divided  into  the  following 
three  tasks : 

Task  2  -  Liquid  Metal  Tubing  -  Converter  Bond 

Task  3  -  Thermal  Transport  Analysis 

Task  4  -  Series  Unit  Loop  Test 
Technical  progress  on  each  task  is  discussed  below. 

A.  TASK  2  -  LIQUID  METAL  TUBING  -  CONVERTER  BOND 

A  major  portion  of  this  task  was  completed  during  the  previous 
quarter  and  is  reported  in  AN-778.  Four  additional  bonds  have  been  made 
and  evaluated,  completing  this  task.  The  results  are  summarized  below. 

1.  General  Approach 

Bonds  investigated  under  this  program  are  based  on  the 
use  of  plasma-sprayed  alumina  as  an  electrical-insulating  thermal-conducting 
material.  In  all  cases,  the  alumina  is  plasma-sprayed  onto  columbium  tubing, 
and  molybdenum  is  then  plasma-sprayed  over  the  alumina.  The  bond  is  then 
completed  by  brazing  an  outer  molybdenum  sleeve  to  the  metallic  coating  on 
the  alumina. 

2.  Alumina  Coatings 

No  plasma-spraying  was  done  during  this  quarter,  but 
results  of  the  brazing  tests  affected  some  of  the  previous  conclusions 
concerning  the  alumina  coating.  The  four  recently  completed  bonds  were 
made  with  unsintered  alumina  coatings,  and  in  every  case  there  was  some 
separation  between  the  alumina  and  the  colu.mbiuin.  In  the  bond  made  during 
the  previous  quarter,  only  sintered  alumina  was  used  and  no  separation  was 
observed.  These  results  indicate  that  sintering  results  in  a  definitely 
improved  adhesion  between  the  columbium  and  alumina.  This  is  contrary  to 
previous  results  in  which  little,  if  any,  improvement  due  to  sintering 
was  observed. 
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3 .  Brazing  Studies 

Bonds  fabricated  during  this  quarter  used  the  brazing 


techniques  listed  below. 

Braze 

Material 

Brazing 

Temperature 

Time  at 
Temperature 

Nickel 

2725°F 

10  minutes 

Ni-35Mo-5Fe 

2650°F 

10  minutes 

Titanium 

3080°F 

10  minutes 

Titanium 

3030°F 

2  minutes 

Excellent  results  were  obtained  with  the  nickel  and  the 
Ni-Mo-Fe  brazing  alloys.  These  brazes  resulted  in  good  filling  and  good 
bonds  across  the  joint  (Mo-Braze-Mo  po»7der-alumina) ,  but  a  1  to  2  mil  gap 
was  observed  between  the  Cb  tube  and  the  plasma-sprayed  alumina  (Figures  1 
through  4) . 

The  Ni  and  the  Ni-Mo-Fe  brazing  alloys  completely  alloyed 
with  the  plasma-sprayed  molybdenum  powder,  and  considerable  densification 
of  this  layer  has  occurred,  as  shown  by  Figures  1  through  4.  Some  evidence 
of  diffusion  of  the  brazing  alloy  into  the  molybdenum  outer  cylinder,  for 
a  depth  of  about  3  mils,  is  seen  in  Figure  4. 

The  first  braze,  using  pure  Ti  as  the  filler,  utilized 
a  sample  which  had  a  0.5  to  1  mil  plasma-sprayed  coating  of  Mo  in  the 
alumina;  the  brazing  temperature  was  3080°F,  and  the  time  at  temperature 
was  10  minutes.  This  sample  was  electrically  shorted  after  the  brazing 
operation;  subsequent  metallographic  analysis  showed  that  the  Ti  had 
reacted  with  the  thin  Mo  powder  coating  and  with  the  alumina  powder 
coating,  filling  the  pores,  diffusing  through  them,  and  shorting  out  to 
the  Cb  tube  where  it  filled  a  2  mil  gap  between  the  Cb  tubing  and  the 
alumina  (Figures  5  and  6)  . 

The  reactivity  of  titanium  with  aluminvun  is  well  known, 
and  this  can  be  an  advantage  or  disadvantage,  depending  on  the  parameters 
involved  in  the  test;  if  these  are  known  and  controlled,  good  braze,  joints 


4 


AN-^ 


Mo  coating  plus 
^  braze  (Ni) 

% 

I 

r 

4 -  Mo 

FIGURE  1.  Ni  BRAZE  200X 

POLISHED 


FIGURE  2,  Ni  BRAZE  lOOX 

ETCHED 


Cb 

Gap 

AI2O3 


Alloyed  Mo  Coating 
plus  Ni  braze 


Mo 


5 


-63~7fJ 


Ila-i3-  75! 


AN-856 


♦  Cb  Tube 


^  Diffused  alloy  (Ti+Mo) 
which  filled  gap 


^  AI2O3  with  Mo-Ti 
inclusions 


^  Mo-Ti 


<Mo 


200X 

POLISHED 


4Cb 

^Gap  left  by  the  etching 
out  of  the  Ti-Mo+ 


4AI2O3  (Ti-Mo  inclu¬ 
sions  etched  out) 

^  Braze  (ri-Mo+  etched 
out) 


♦Mo 


lOOX 

ETCHED 


17.0-65 -7SZ 


AN-856 


between  AI2O3  +  Mo  sprayed  Cb  tubes  and  Mo  concentric  tubes  can  be 
obtained.  The  parameters  which  influenced  the  results  were; 

1)  Temperature 

2)  Time  at  temperature 

3)  Conditions  and  thickness  of  the  Mo  barrier  coating 

(sprayed  powder  of  high  surface  area) 

4)  Conditions  of  alumina  coating  (surface  area, 

porosity,  type  of  porosity) 

All  these  conditions  were  favorable  for  a  Ti“Al203 
reaction;  especially  the  time  at  temperature,  the  porosity  of  the  alumina 
(15  to  20%  with  mostly  connecting  pores),  and  the  Mo  coating  thickness 
(0.5  to  1  mil) . 

The  titanium  braze  run  was  repeated,  using  a  sample 
which  had  a  Mo  coating  5  to  6  mils  thick.  The  brazing  temperature  was 
3030 °F  and  it  was  held  only  2  minutes;  the  results  are  shown  in 
Figures  7  and  8,  No  apparent  excessive  reaction  occurred  between  the 
Ti  and  the  Mo  powder,  nor  any  diffusion  of  the  Ti  through  the  Mo  or  the 
AI2O3.  The  sample  was  not  electrically  shorted,  and  good  filling  of  the 
braze  joint  was  achieved.  The  1  to  2  mil  gap  between  the  AI2O2  and  the 
Cb  tube,  noticed  in  all  of  the  unslntered  samples,  is  also  evident  in 
this  sample. 

4.  Conclusions 

Ni,  Ni-Mo-Fe,  and  Ti  alloys  are  suitable  for  use  as 
brazing  alloys  in  the  thermionic  power  converter  bond.  Further  screening 
should  be  conducted  on  the  basis  of  diffusion  rates  of  these  alloys  into 
the  Mo  and  alumina  at  the  converter  operating  temperature  (2200^F) . 

An  improvement  in  the  adhesion  of  the  AI2O2  coating  to 
the  Cb  tubes  is  necessary  for  good  thermal  conductivity.  This  could  be 
achieved  by  either  improving  plasma  spray  techniques,  or  by  sintering  the 
alumina  coatings  prior  to  brazing.  The  second  method  may  be  preferred, 
since  it  also  increases  the  density  of  the  alumina,  hence  further  improving 
the  thermal  and  insulating  properties  of  the  bond. 
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B.  TASK  3  -  THERMAL  TRANSPORT  ANALYSIS 

A  detailed  outline  of  the  work  to  be  accomplished  under  this 
task  was  included  in  the  previous  quarterly  report,  AN-778.  The  effort 
during  this  quarter  has  been  directed  to  heat  rejection  problems  and  the 
characteristics  of  the  reactor  to  be  used  in  the  thermionic  radiator 
system.  The  results  of  this  work  are  described  below. 

1.  Heat  Re  lection 

Thermal  radiation  is  the  only  means  available  for 
dissipating  waste  heat  from  any  thermodynamic  process  in  space.  For  an 
Ideal  Carnot  cycle,  minimum  radiator  area  occurs  when  the  absolute  temp¬ 
erature  of  the  radiator  is  three-fourths  that  of  the  maximum  cycle  temp¬ 
erature.  The  characteristics  of  a  parcicular  power  conversion  process 
will  generally  alter  the  temperature  at  which  minimum  radiator  area 
occurs . 

Operating  a  thermionic  converter  with  a  collector 
temperature  three-fourths  that  of  the  emitter  temperature  is  beyond 
current  technology  of  low  temperature  thermionic  conversion.  At  present, 
maximum  power  density  in  a  cesiated,  refractory  metal  converter  is 
achieved  with  a  collector  temperature  of  about  six-tenths  of  the  emitter 
temperature.  It  is  reasonable  to  expect  that  with  a  moderate  development 
effort,  higher  rejection  temperatures  can  be  achieved  with  only  a  small 
decrease  in  converter  power  density.  However,  since  experimental  data  is 
lacking,  heat  rejection  calculations  were  made  for  a  range  of  anode 
temperatures,  converter  power  densities,  and  efficiencies. 

a.  Fin  Calculations 

Optimized  linearly  tapered  planar  fins  were  found 
for  the  range  of  radiator  operating  conditions  shown  below: 

Anode  outer  dia.meter,  inches  -  0.8,  1.0,  1.2,  1.4 
Anode  surface  temperature,  °F  -  1250,  1350,  1450,  1550,  1650 
Electrical  power  density,  w/enr  -  1,  2,  3 
Converter  efficiency,  7,  -  8,  10,  12 
Curves  are  given  from  which  optimum  fin  dimensions  and  weights  may  be 
found  for  the  range  of  variables  indicated  above. 
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Figure  9  is  a  schematic  diagram  of  the  converter 
configuration  analyzed  in  this  study.  The  finned  anode  rejects  energy 
to  space.  Symmetrical  trapezoidal  planar  fins  were  selected  as  the  best 
compromise  among  cooling  efficiency,  weight,  strength,  and  fabricability. 

The  parameters  which  affect  the  fin  requirements 
are  heat  rejection  rate,  root  temperature,  incident  flux,  surface  emittance, 
materials,  and  geometry.  Since  the  heat  fluxes,  temperatures,  and  anode 
diameters  were  established  as  parameters  during  this  study,  the  resulting 
radiant  heat  transfer  analysis  can  be  made  independent  of  converter 
characteristics  and  design.  Assumptions  must  be  made,  however,  for  view 
factors,  surface  characteristics,  incident  fluxes,  and  materials. 

Preliminary  investigations  indicated  that  beryllium 
is  the  most  suitable  fin  material  because  of  its  relatively  low  density  and 
high  thermal  conductivity.  Beryllium  will  require  some  bond  development 
work,  and  mechanical  problems  may  result  from  the  difference  in  thermal 
expansion  coefficients  between  beryllium  and  the  refractory  metal  anode. 
Pyrolytic  graphite  is  another  candidate  fin  material,  but  its  use  poses 
structural  difficulties. 

Due  to  the  geometry  of  space  radiators,  there  is 
radiant  interchange  between  the  fins,  tubes,  vehicle,  and  space.  Thermal 
energy  impinges  on  the  radiator  from  space  and  .some  is  absorbed  and  has 
to  be  re-emitted.  This  incident  thermal  radiation  consists  of  1)  direct 
solar  irradiation,  2)  radiation  from  a  planet  caused  by  its  temperature, 
and  3)  solar  radiation  scattered  by  a  planet  back  into  space.  The  maximum 

heat  fluxes  encountered  in  a  300  nautical  mile  orbit  around  Venus,  Earth, 

2  2  2 
and  Mars  are  1460  Btu/hr-ft  ,  640  Btu/hr-ft  ,  and  250  Btu/hr-ft  , 

respectively.  Since  the  heat  fluxes  associated  with  the  anode  temperatures 

are  significantly  higher  than  those  absorbed  from  space,  the  incident  solar 

flux  is  neglected. 

Substantial  effort  is  now  being  expended  to  obtain 
a  stable,  high  temperature,  emissive  coating.  From  results  to  date,  0.85 
seems  a  reasonable  coating  emissivity.  This  value  will  be  used  in  this 
analysis . 
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FIGURE  9.  TYPICAL  CONVERTER  CONFIGURATION 
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The  fin  configuration  in  thermionic  radiators 
affects  electrical  lead  design,  micrometeorid  shielding  requirements, 
and  manifold  design,  all  of  which  are  very  pertinent  to  fin  optimization. 
For  example,  when  structural  weights  are  considered,  optimum  fins  tend 
to  be  stubbier.  However,  since,  this  is  a  preliminary  study  and  radiator 
configurations  have  not  been  established,  perturbations  of  this  sort 
cannot  be  considered. 

The  most  direct  optimization  procedure  for 
linearly  tapered  fins  is  that  presented  by  Reynolds.*  Reynolds  solves 
the  generalized  differential  equation  with  the  aid  of  a  digital  computer, 
and  plots  the  results  as  a  function  of  dimensionless  parametric  relation¬ 
ships  from  which  optimum  fins  can  be  derived.  These  techniques  will  be 
employed  throughout  this  study. 

Using  Reynolds'  nomenclature,  the  assumptions 
and  basic  parameters  employed  in  the  analysis  can  be  expressed  as  follows 

S  =  Absorbed  incident  solar  heat  flux  =  0 
€  =  Surface  emissivity  =  0.85 
W"  =  Structural  weight/fin  area  =  0 

6^,  =  Tip  thickness  =  0.050  in. 

tip  ^ 

=  View  factor,  fin-to-space  =0.95 
Ftube  ~  View  factor,  tube-to-space  =  0.85 

=  Thermal  conductivity  of  fin  =  53  Btu/hr-rt-°F 

The  tip  thickness  and  view  factors  are  based  on 
estimates  of  manufacturing  limitations  and  upon  similar  calculations 
performed  for  the  SNAP-8  radiator.  The  required  parameters  become: 


*  W.  C.  Reynolds,  "A  Design -Oriented  Optimization  of  Simple  Tapered 
Radiating  Fins",  ASME  62-WA-192. 
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IS 
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q’ 


q’  X  12 


NCJiSFT  '  -  S 
0 


2  X  0.1714  X  0.85  x  0.95 


Ay 

100/ 


==43.3 


where  L  .  is  in  inches 
min 


q'  =  heat  transfer  rate  per  unit  span  per  fin  =  Btu/hr-ft 


A  cursory  look  at  the  specified  parameters 
indicated  the  following  range  for  q'  rejected  by  one  fin. 

q'  (one  fin)  =  2000  Btu/hr-ft  to  20,000  Btu/hr~ft 

To  circumvent  a  trial  and  error  solution,  fin  configurations  which  will 
reject  the  q'  specified  above  have  been  determined  as  a  function  of  the 
specified  root  temperatures.  The  results  of  these  calculations  are 
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shown  in  Figures  10  and  11.  Figure  11  is  a  replot  of  the  data  in 
Figure  10  for  the  lower  ranges.  The  relationship  between  these  curves 
and  the  specified  parameters  will  now  be  established.  The  assumption 
is  made  that  the  anode  temperature  is  constant  and  equal  to  the  fin  root 
temperature.  The  section  following  this  one  demonstrates  that  this 
assumption  may  be  invalid,  so  circumferential  variation  in  anode  temper¬ 
ature  must  be  considered  in  the  final  analysis.  This  perturbation  depends 
on  micrometeorite  armor  requirements  (anode  thickness)  and  upon  other 
parameters  which  have  not  yet  been  thoroughly  investigated. 

After  the  fin  configurations  have  been  determined, 
the  tube  heat  rejection  rates  can  be  derived  from  the  following  equation 
for  the  specified  range  of  anode  diameters  and  temperatures: 


q'tube  ~  heat  rejected  by  tube  per  unit  span 
4  I 

TTU  -  Z  U  I 
[  O  oj 

.4 


=  OiEF^T  ^  fro  -  2  5  1 

t  o  L  o  oJ 


/  T 

=  0.1714  X  0.85  X  0.85  (  ~ 


2 

12 


=  0.0206 


(loo)  [^'57  where  D 


and  &  are  in  inches, 
o  o 


The  total  converter  heat  rejection  rate  per  unit 


span  is  given  by 


q'  ,=2q'  ■•■q' 

total  one  fin  ^  tube 


For  the  specified  range  of  variables,  then,  the  total  converter  heat  flux 
is: 


(  12  ' 

In' 

2  1  j  I 

one  fin  tube 

V  i 

f  ^  total 

V  o' 

o 

•  . 

Hence,  the  relationship  between  Figures  10  and  11  and  the  initial  parameters 
has  been  established.  A  restriction  in  the  analysis  is  that  5  <  D  ,  or 
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FIGURE  II.  OPTIMIZED  FIN  CONFIGURATIONS  FOR  VARIOUS  q' 
AND  T«.  LOWER  RANGES 
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the  fin  root  thickness,  should  not  exceed  the  anode  diameter.  Figures  12 
through  15  are  plots  of  anode  power  density,  q"  total  versus  q'  (one  fin), 
at  a  fixed  D^,  over  the  specified  anode  temperature  range. 

The  procedure  for  using  these  data  is  as  follows.  The  anode  power 
density  outer  surface  of  the  radiator  tube  is  calculated 

from:  the  electrical  power  density  at  the  emitter,  the  over-all  efficiency, 
and  the  ratio  of  the  outer  tube  area  and  the  emitter  area.  The  fin  heat 
rate  can  be  determined  from  Figures  12  through  15  if  the  appropriate, 

radiator  tube  diameter  (D^)  and  fin  base  temperature  (T^)  are  used.  Having 
established  fin  heat  rate,  the  fin  dimensions  and  weight  can  be  found  from 
Figures  10,  11,  and  16. 

A  sample  calculation  is  shown  for  the  following 

conditions; 


q"  =  15  w/cm^  =  47,700  Btu/hr-ft^ 

^  thermal 

(equivalent  to  an  output  power  density  of 
2 

2  w/cm  ,  an  efficiency  of  10%  and  an  area 
ratio  of  1.2:1) 


T  =  1400°F 
o 

D  =  1  inch 
o 

From  Figure  14 

q''  .  =  4700  Btu/hr-ft 

^  fin 

From  Figure  12 

Fin  root  thickness  =  0.38  in. 
Fin  length  =  3.1  in. 
and  from  Figure  16 

Fin  weight  =  0.085  Ib/in. 


Circumferential  temperature  variation  in  the 
collector  for  conditions  similar  to  those  used  above  is  calculated  at 
the  end  of  the  next  section. 
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2000  3000  4000  5000  6000  7000  8000  9000  10,000 


q'  -  (per  fin) 

FIGURE  12.  ANODE  POWER  DENSITY  VERSUS  q'  FOR  VARIOUS 
WITH  D^=  0.8  Inch 
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2( 


TOTAL  -  BtuAr-ft^ 


241-i  -  1V101 


100,000' 


FIGURE  15.  ANODE  POWER  DENSITY  VERSUS  q’  FIN  FOR  VARIOUS 
WITH  Dp  -  1.4InchM 
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2000  3000  4000  5000  6000  7000  8000  9000  10,000 

q'  -  (per  fin) 

FIGURE  16.  FIN  WEIGHT  PER  UNIT  LENGTH  VERSUS  q'  FIN  FOR  VARIOUS  T^ 
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b.  Circumferential  Temperature  Variation 

in  Collector 

The  high  heat  fluxes  at  which  thermionic  radiators 
operate  can  create  substantial  circumferential  temperature  variations  in  a 
thin  anode  when  planar  fins  are  attached.  Since  converter  performance 
is  sensitive  to  anode  temperature,  a  large  variation  is  undesirable.  The 
following  generalized  analysis  was  made  to  determine  the  magnitude  of  this 
temperature  variation  as  a  function  of  geometry,  anode  temperature, 
material,  and  heat  flux.  Curves  in  Figures  17  and  18  give  the  temperature 
distribution  and  gradient  as  a  function  of  basic  parametric  relationships. 
The  idealizations  employed  in  the  analysis  were: 

1)  One  dimensional  conduction,  T  =  T(x) 

2)  Uniform  heat  flux  across  the  electrode 
gap,  q j  =  constant 

3)  External  radiation  heat  flux  given  by 
q"  =  O^FT^ 

4)  Uniform  anode  thickness 

From  symmetry  arguments,  the  analysis  may  be 
limited  to  a  quarter  circumference  of  the  converter  as  shown  in  the 
following  diagram: 


0 
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To  simplify  the  analysis,  the  anode  was  unwrapped  as  follows: 


Under  the  assumptions  listed  above,  the  governing  differential  equation 

is  2 

K&^  -  (feVZ*  +  q"^  =  0  , 

dx 

with  boundary  conditions 

T(o)  =  and 


Introducing  the  dimensionless  variables 


a=  e'en  ^/q”  , 

O  Q 

the  governing  equations  reduce  to 

-  art''  +  1  -  0 . 

'y'(o)  =  1  ,  and 
T'(o)  =  0  • 
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The  parameter  CC  is  the  ratio  of  radiation  heat  flux  at  to  the  input 
heat  flux.  The  governing  equation  cannot  be  solved  in  closed  form  because 
of  its  non-linearity;  however,  approximations  can  be  found  for  <  <  1 
and  near  (X  -  1.  The  results  of  these  approximations  agree  near  =  0.5; 
hence,  the  solutions  obtained  are  valid  for  the  entire  range  of  Ct  (i.e., 

0  <  Ct<l). 

The  results  of  the  analyses  are  given  in  Figures  17 
and  18.  Figure  17  shows  dimensionless  temperature  distributions,  while 
Figure  18  indicates  dimensionless  temperature  gradients.  An  example  of 
the  use  of  these  curves  is  given  below.  Suppose 

q"^  =  15  w/cm^  =  47,700  Btu/hr-ft^  , 

T  =  1400°F  , 
o  ’ 

F  =  0.85  , 
e=  0.85  , 

K  =  65  Btu/hr-ft°F  (for  molybdenum  at  1400°F)  , 

&  =  0.031  in.  =  0.00258  ft  , 

L  =  X  =  0.63  in.  =  0.052  ft  ; 
max 


then 


(0,1713) (0.85) (0.85) 
47,700 


1860^ 

' =  0.311  ,  and 


47.700 

65  X  1860  X  0.00258 


0.642 
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From  Figure  17,  '7^=  0.87  =  —  ;  hence  , 

o 

T  .  =  1860  X  0.87  =  1620°R  , 
end  ’ 

and  the  temperature  variation  is  then  240°F. 

The  results  of  this  sample  problem  indicate  that 
the  circumferential  temperature  variation  in  a  thin  anode  can  be 
appreciable.  It  can,  of  course,  be  reduced  by  Increasing  the  thickness 
of  the  anode,  thus  presenting  a  larger  cross  sectional  area  for  heat  flow. 
The  most  feasible  way  to  accomplish  this  without  unduly  Increasing  the 
radiator  weight  is  to  substitute  a  low  density,  high  conductivity 
material  for  part  of  the  anode.  From  the  standpoint  of  thermionic 
conversion,  only  a  thin  anode  layer  is  required  to  provide  the  proper 
work  function;  however,  it  must  be  thick  enough  to  withstand  the  cesium 
environment.  Micrometeorite  protection  unitized  to  the  anode  in  a 
non-bumpered  configuration  will  reduce  the  circumferential  temperature 
variation.  Since  beryllium  satisfies  the  previously  listed  requirements 
(i.e.,  low  density  and  high  conductivity),  an  integral  micrometeorite 
armor-fin  arrangment  will  diminish  this  problem.  A  schematic  represent¬ 
ation  of  this  configuration  is  illustrated  below. 
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If  the  thickness  of  the  molybdenum  collector  is 
reduced  to  0.005  in.  and  an  equivalent  weight  of  beryllium  (0.142  in.) 
is  added 


0.052 


_ 47.700 _ 

1860  (65  X  0.0004  +  58  x  0.0118) 


*  0.26 

From  Figure  17 

'y'  =  0.975  ;  so 

T  .  =  1860  X  0.975  =  1820°R 
end 

and  the  temperature  variation  is  only  40°F. 

The  above  example  illustrates  the  need  for  a 
continuing  analysis  of  all  radiator  operating  characteristics.  Circum¬ 
ferential  temperature  variation  in  the  collector  may  present  a  serious 
problem.  If  beryllium  is  substituted  for  part  of  the  collector,  the 
severity  of  the  temperature  distribution  problem  may  be  considerably 
reduced;  however,  development  of  the  bond  between  the  molybdenum 
electrode  surface  and  the  beryllium  may  require  as  much  effort  as  is 
currently  being  applied  to  the  cathode  bond  problem.  Considerations 
such  as  these  should  be  continually  factored  into  the  development 
program  if  generators  suitable  for  use  in  a  radiator  system  are  to  be 
developed. 

Nomenclature 

2 

q".  Incident  anode  heat  flux,  Btu/hr-ft 

“  2 
q"  Radiation  heat  flux,  Btu/hr-ft 

d'  Stefan-Boltzmann  Constant,  0.1713  x  10”®  Btu/ft^-hr-°F^ 

£  Thermal  emlssivlty  of  anode  surface 

F  Radiation  view  factor 

T  Temperature ,  °F 

X  Distance  along  anode  circumference,  ft 

^  Anode  thickness,  ft 

q'  Linear  heat  transfer  rate,  Btu/hr-ft 

K  Anode  thermal  conductivity,  Btu/hr-ft-°F 

29 


AN-856 


2 .  Reactor  Characteristics 

The  heat  source  for  the  thermionic  radiator  system  Is 
a  high- temperature,  llquld-metal-cooled  reactor.  Since  thermionic 
generators  are  very  sensitive  to  emitter  temperature,  the  two  reactor 
characteristics  having  the  greatest  effect  on  the  performance  of  the 
system  are  reactor  outlet  temperature  and  flow  rate  through  the  reactor. 
Reactor  outlet  temperature  Is  determined  by  metallurgical  considerations; 
primarily, the  compatibility  of  the  fuel  cladding  and  the  fuel  Itself,  and 
the  fuel  cladding  and  coolant.  An  analysis  of  these  considerations  Is 
beyond  the  scope  of  the  present  study.  Flow  rate  through  the  reactor  Is 
a  function  of  reactor  geometry  and  the  power  available  for  pumping. 

The  highest  possible  flow  rate  Is  advantageous  from 
the  standpoint  of  thermionic  converter  performance,  since  the  higher  the 
flow  rate,  the  less  the  fluid  temperature  drop  along  each  radiator  tube, 
and  thus  all  emitters  operate  nearer  the  maximum  fluid  temperature. 

However,  as  the  flow  rate  Is  Increased,  either  the  amount  of  power  used 
to  circulate  the  fluid,  or  the  size  of  the  reactor  must  be  Increased, 
both  of  which  tend  to  Increase  over-all  system  weight.  The  correlation 
among  reactor  size,  coolant  flow  rate,  and  pumping  power  Input  must  be 
known  to  determine  the  optimum  operating  conditions,  and  the  compromise 
that  Is  necessary  among  converter  performance,  pump  power  (and  weight), 
and  reactor  weight. 

For  the  purposes  of  this  analysis,  the  reactor  Is  assumed 
to  be  a  uranium  carbide  fueled,  fast  reactor.  The  critical  size  of  such  a 
reactor  Is  essentially  a  function  of  the  fraction  of  the  core  occupied  by 
fuel,  as  the  effect  of  the  coolant  and  structural  material  Is  minor.  The 
results  of  calculations  of  critical  size  as  a  function  of  reactor  fuel 
fraction  are  shown  In  the  following  table. 
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TABLE  1 

URANIUM-CARBIDE  FUELED  REACTOR  SIZE 

(Length  to  diameter  ratio  =  1.2) 

Fuel  Fraction 

Core  Diameter,  cm 

Core  Leneth.  cm 

0.76 

21.5 

25.8 

0.54 

22.5 

27.0 

0.39 

24.0 

28.8 

From  geometry  considerations,  the  number  of  fuel  pins 
In  each  reactor  type  Is  assumed  to  be  475.  The  pin  diameter  can  be 
calculated  from  the  fuel  fraction  and  reactor  size,  and  If  the  cladding 
thickness  Is  known,  the  fraction  of  the  core  remaining  for  coolant 
passages  can  be  calculated.  The  following  table  gives  a  summary  of  those 
parameters  for  a  fuel  cladding  of  0.016. 

TABLE  2 

REACTOR  PIN  SIZE  AND  COOLANT  FRACTION 


Fuel  Fraction 

Fuel  Diameter 
( Inches) 

Pin  OD 
( inches) 

Coolant  Fraction 

0.76 

0.315 

0.347 

0.20 

0.54 

0.331 

0.363 

0.25 

0.39 

0.355 

0.387 

0.33 

The  pump  work  required  to  circulate  the  coolant  through 
the  active  core  can  now  be  calculated  as  a  function  of  reactor  power  level 
and  temperature  difference  through  the  core  (Figure  19) .  The  total  reactor 
pressure  drop  was  estimated  as  twice  the  pressure  drop  In  the  active  reactor 
fuel  bundle. 

Core  size  Is  plotted  as  a  function  of  pump  work  for  various 
power  levels  coolant  temperature  difference  ratios.  To  determine  the  optimum 
operating  point.  It  Is  necessary  to  express  pump  work  and  core  size  In  terms 
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FIGURE  19.  REACTOR  FLOW  CHARACTERISTICS 
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of  component  weights,  and  coolant  temperature  difference  In  terms  of 
converter  performance  and  ultimately  In  terms  of  radiator  weight.  Optimum 
conditions  can  then  be  selected  on  the  basis  of  minimum  over-all  system 
weight.  This  cannot  be  accomplished  until  the  analysis  of  degradation  of 
converter  power  and  efficiency  during  series  operation  is  completed. 

C.  TASK  4  -  SERIES  UNIT  LOOP  TEST 

1.  General  Loop  Configuration 

A  natural-convection  loop  has  been  designed  with  the 
following  characteristics: 


Maximum  design  temperature 

2200°F  (1204°C) 

Minimum  (cold  leg)  temperature 

1940 °F  (1060°C) 

Tube  OD 

0.75  In. 

Tube  ID 

0.62  in. 

Over-all  height 

67  in. 

Thermal  power  Input 

12.1  kw 

Flow  rate 

120  lb /hr 

Flow  velocity 

0.50  ft/sec 

Temperature  drop  through  one 

converter  (assuming  500  watt  load) 

14.4°F  (8°C) 

Total  temperature  drop  through 
converters  (no  reheat) 

43.2°F  (24°C) 

The  general  loop  configuration  Is  shown  In  Figure  20. 
All  loop  components  In  contact  with  the  lithium  heat  transfer  fluid  are 
fabricated  of  columblum-1%  zirconium.  All  heating  and  cooling  Is  done 
In  the  sections  that  are  nearly  horizontal.  The  hot  and  cold  vertical 
sections  operate  at  essentially  maximum  and  minimum  loop  temperatures  for 
nearly  the  full  vertical  height  of  the  loop.  This  results  in  the  maximum 
driving  force  for  a  given  temperature  difference. 

The  loop  Is  supported  on  a  stainless  steel  stand  that 
Is  In  turn  bolted  to  the  vacuum  chamber.  The  loop  Is  rigidly  connected 
only  at  one  point,  the  center  of  the  right  hand  heat  sink  unit.  The  left 
hand  heat  sink  unit  Is  retained  In  the  vertical  direction,  but  is  free  to 
move  in  the  horizontal  plane.  The  lower  section  of  the  loop  is  free  to 
move  about  1/2  inch  in  the  horizontal  plane  and  is  spring  loaded  In  the 
vertical  direction. 
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Descriptions  of  the  major  loop  components  follow. 

2.  Main  Heater 

Heat  is  supplied  to  the  loop  by  electrical  resistance 
heating  lii  the  lower  section.  A  high  current  is  Induced  In  this  section 
by  a  transformer  that  Is  located  Inside  the  vacuum  tank:  the  loop  forms 
the  secondary  winding  of  the  transformer.  A  molybdenum  bar  completes  the 
electrical  current  circuit  and  prevents  all  but  a  small  amount  (^30  amps) 
of  the  induced  current  from  passing  up  through  the  thermionic  units.  The 

size  of  the  molybdenum  bar  Is  adjusted  so  that  the  resistance  heating  in 

the  bar  just  compensates  for  thermal  conduction  from  the  hot  side  to  the 
cold  side  of  the  loop. 

3.  Heat  Sink 

Heat  must  be  removed  from  the  lithium  at  the  top  of  the 
loop  to  establish  the  temperature  difference,  which  in  turn  Induces  cir¬ 
culation  In  the  lithium.  Heat  is  removed  by  conduction  through  a  concentric 
tube  mounted  on  the  columblum  tube  (see  Figure  ^1) •  A  large  temperature 
drop  is  established  in  the  cylindrical  section  so  the  heat  can  be  removed 
from  the  tips  of  the  cylinder  by  water  cooling  at  about  100°F.  The  thick¬ 
ness  and  length  of  the  cylindrical  section  has  been  adjusted  so  that 
slightly  more  than  10  kw  will  be  removed  in  the  entire  heat  sink. 

The  cylinders  are  slotted  to  eliminate  circumferential 
rigidity  and  thereby  reduce  thermal  stress.  The  use  of  copper  instead  of 
molybdenum  for  a  large  part  of  the  cylinder  also  tends  to  reduce  thermal 
stress. 

The  joints  between  columblum,  molybdenum,  and  copper 
will  be  brazed  to  insure  good  heat  transfer.  Brazing  techniques  developed 
in  Task  2  will  be  used  for  the  columblum- to-molybdenum  braze. 

4.  Surge  Tank 

A  surge  tank  is  provided  at  the  top  of  the  loop  to 
compensate  for  thermal  expansion  of  the  lithium  and  to  provide  a  means  of 
evacuating  and  pressurizing  the  loop.  The  tank  will  be  made  of  stainless 
steel.  The  transition  from  columblum  to  stainless  steel  will  be  made  using 
a  special  Marmon  flange  fitting  in  which  one  flange  is  stainless  steel  and 
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the  other  Is  columblum. 


A  port  is  provided  at  the  top  of  the  surge  tank  through 
which  the  loop  can  be  evacuated  or  filled  with  argon.  Level  probes  are 
also  provided  in  the  surge  tank  to  indicate  the  proper  filling  level. 

5.  Thermionic  Generators 

Three  thermionic  generators  will  be  mounted  near  the  top 
of  the  hot  leg  of  the  loop.  The  lithium  temperature  at  the  inlet  of  the 
first  converter  will  be  essentially  maximum  loop  temperature.  The  elect¬ 
rical  output  of  the  converters  will  be  led  outside  the  tank  using  0.5  in. 
solid  copper  conductors.  The  output  will  be  dissipated  in  large  carbon 
bar  resistors.  Provision  will  be  made  for  both  independent  and  series 
operation  of  the  converters. 

The  converters  to  be  used  in  this  loop  are  identical  to 
those  being  developed  for  ASD  by  RCA  under  Contract  AF  33(657) -8005.  These 
converters  are  described  in  RCA's  fourth  quarterly  technical  report  and  will 
therefore  not  be  described  in  detail  here.  However,  the  general  specifi¬ 
cations  of  the  converter  are  given  below. 

1)  The  converter  emitter  will  be  molybdenum. 

2)  The  center  mounting  tubing  will  be  columbium-17o 

zirconium. 

3)  The  entire  converter  assembly  will  be  capable  of 
withstanding  a  temperature  of  500 °C  without  deleterious  effect. 

4)  The  converter  will  employ  a  concentric  cylindrical 
configuration  as  follows: 


Emitter  OD 

Emitter  active  length 

Emitter  area 

Converter  length  (not 
Including  tubing) 


0.85  to  1.050  inches 

2.0  to  2.5  inches 
2 

40  cm 

4.25  inches  maximum 
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IV.  FUTURE  PLANS 

The  following  work  is  planned  for  the  next  quarter. 

A.  TASK  3  -  THERMAL  TRANSPORT  ANALYSIS 

This  task  will  be  completed  during  the  next  quarter. 

B.  TASK  4  -  SERIES  UNIT  LOOP  TEST 

Loop  fabrication  will  be  completed  during  the  next  quarter. 
The  thermionic  converters  will  be  installed  in  the  loop  and  preparations 
for  loop  operation  will  be  started. 
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